Signals from ten explosions were used to examine earthquake location uncertainty in Taiwan. Location errors for explosion sites determined using a relocation process were expressed in terms of statistical measurements for standard errors in the depth (ERZ), the epicenter (ERH), the root-mean-square of the travel time residuals (RMS), and the station coverage gap (GAP). In general, for this study, major factors in location errors resulted from the poor coverage of seismic stations (e.g., a large value of GAP). Using the relationship between location errors and parameters from the explosion location assessment, uncertainties for earthquake locations in the Taiwan region for a total of 384064 events from 1991 to 2011 were evaluated. Offshore regions in southwestern and northeastern Taiwan had larger location errors. For the inland locales, location errors in longitude, latitude, and depth were approximately 3.1 ± 2.7, 1.3 ± 1.6, and 4.6 ± 3.9 km, respectively. The uncertainties estimated from this study could offer a good reference for other related studies.
INTRODUcTION
The uncertainty of earthquake locations is an important factor in seismological studies especially for identifying seismogenic structures and accessing seismic losses caused by earthquake damage (Wu et al. 2002) . Reliable earthquake locations depend on the quality of seismic-wave records' spatial distribution of recording stations, reliability of crustal and upper mantle velocity structures, and the methodology used to locate earthquakes. Statistical measurements of standard errors, the ERZ (the error in the vertical), and the ERH (the error in the horizontal) are commonly calculated in earthquake location programs (Flinn 1965; Lee and Lahr 1975; Chang et al. 2000) . However, the importance of these two measurements is generally overlooked (Flinn 1965) .
Taiwan is located at the plate boundary between the Eurasian and Philippine Sea plates which have very complicated fault systems with a spacing of just a few kilometers. When considering seismic hazards mitigation in rapid earthquake reporting, the uncertainty of an earthquake location may lead to misidentification of causative faults and may provide an incorrect estimation of damage. Therefore, it is necessary to determine a mechanism for estimating the earthquake location uncertainty in Taiwan. Recently, the Taiwan Integrated GEodynamic Research (TAIGER) project, a large Taiwan-US cooperative research project, was conducted from 2004 -2009 . Scientists from France, Japan, and the Philippines also participated (Kuo-Chen et al. 2012) . The TAIGER project employed seismological techniques to image the crustal and upper mantle structures beneath mountain belts and surrounding seas in and around the Taiwan region, and explore mountain building processes, plate boundary dynamics, seismogenic mechanisms, and marine geo-hazards. During the TAIGER project ten dynamite explosions were detonated to imaging Taiwan's crustal structures. Figure 1 provides the locations of the ten shots. Explosion signals recorded by the permanent seismic networks in Taiwan offer a good opportunity for us to investigate the uncertainty of earthquake location. Here, we present results for the uncertainty of earthquake location using explosion records.
DATA AND ANALYsIs
From February 27 to March 5 of 2008, ten explosions were detonated during the TAIGER project in the Taiwan region (Table 1 and Fig. 1 ). The sizes of the dynamite explosions ranged from 750 to 3000 kg. Table 1 and Fig. 1 , respectively, provide detailed parameters as well as the sites of dynamite explosions. Explosion signals were recorded by the Central Weather Bureau Seismic Network (CWBSN), the Broadband Array in Taiwan for Seismology (BATS), and the temporary seismic arrays deployed by the TAIGER project. For this study, such a valuable dataset was used for testing the uncertainty of earthquake location. Figure 1 provides the distribution of the CWBSN, BATS, and TAIGER stations. In the figure, P arrivals from the ten shots can clearly be identified by visual inspection. Figure 2 provides an example of the signals caused by the S2 explosion. In general, 33 to 95 stations with an average of 64 stations recorded P arrivals with good signal-to-noise ratios. Since S waves are not expected from explosions, we did not select S arrivals. Sometimes P to S converted waves is observed within the horizontal components. However, they were not helpful for the relocation of explosions. Chang et al. (2012) pointed out that prior to 2012 the CWBSN system contained an approximate 0.2 sec telemetry latency. In this work, we also checked telemetry delays using explosion signals for the co-site stations of the CWBSN and BATS. Figure 3 provides an example of the explosions recorded by both the CWBSN and BATS stations and indicates that the signals recorded by the CWBSN system were approximately 0.2 sec later than those recorded by the BATS system, since the data of the CWBSN system was given a time mark at the recording center but not in situ. Half of the delay was caused by relays of two modems, while the other half was caused by transmission (Chang et al. 2012) . results were similar to the results in Chang et al. (2012) . Telemetry delays obtained from Chang et al. (2012) were used to correct the selected P arrivals at the CWBSN stations. Corrected P arrivals at the CWBSN stations were then combined with arrivals from the BATS and TAIGER stations into one database for earthquake location. To test the uncertainty of the earthquake location, the earthquake location approach (Wu et al. 2003) , using the three-dimensional velocity model (Wu et al. 2007 (Wu et al. , 2009 ) with station correction, was used to locate the explosions. The approach used the 3D ray tracing process proposed by Thurber (1993) for calculating the theoretical travel times of P and S waves from one earthquake source to one seismic station in a 3D velocity medium. Station corrections of P-and S-waves were iteratively obtained and updated by averaging a group of travel residuals at the stations following each iteration in an earthquake relocation (Wu et al. 2008 ).
REsULTs
Ten explosion sites were relocated from P arrivals using the three dimensional velocity models of Wu et al. (2007 Wu et al. ( , 2009 . Table 3 provides the relocated positions and related parameters. Most of the relocated positions were moved south-eastward and deeper in depth. Since we did not permit the location program to produce an air-quake, whose location in depth was above elevation, it was reasonable for the relocated shots to move deeper. Therefore, the error was attributed to the vertical direction.
Parameters of the ERH, ERZ, RMS, and GAP (the largest separation between any two azimuthally adjacent stations) were used, in general, to estimate the quality of the earthquake location. Therefore, we examined the location errors of the explosion sites using those parameters. Figure 4 displays location errors for explosion sites using the depth, the horizontal, and the hypocenter versus the ERZ, ERH, RMS, and GAP. In general, location errors increase with parameters of the ERZ, ERH, RMS, and GAP. However, Fig. 4 indicates that only the GAP had a positive linear correlation coefficient (R) in regards to location errors. Our results were similar to those reported by Chiu et al. (1997) , indicating that the GAP is a number that represents the goodness of spatial coverage for seismic stations relative to source locations. Other parameters, RMS, ERZ, and ERH Interesting to note is that the location errors associated with explosion sites were largely the result of the poor coverage of seismic stations. In general, the earthquake location case displayed both P and S arrivals, which was not the case for explosions. Location shifts of explosions due to the earthquake location process were not close to the true condition. Therefore, for a more realistic testing, we added theoretical S-P times and P arrivals for earthquake location. Considering the weighting of the S wave for earthquake location, the weighting of theoretical S arrivals was specified as one degree higher than P arrivals because there were five degrees of quality (degree 0 to 4) from good to poor, respectively, in the selection strategy of the CWBSN. As a result, one degree higher indicates poorer quality, as is normal for S-waves. The selection quality was then used as a weighting parameter for earthquake location. Table 4 contains relocated positions with the addition of theoretical S arrivals and related parameters. Comparing the results of Table 3 , the values of the RMS were larger than those that only used P arrivals for locating explosions. Most of the relocated sites moved southeastward as the P arrival results, while errors in the horizontal (ERH) position did not change significantly; however, errors in depth became much smaller than those that using only observed P arrivals for the locating process. Figure 5 provides location errors for the explosion sites based on the depth, the horizontal, and the hypocenter versus the ERZ, ERH, RMS, and GAP when using observed P and theoretical S arrivals. Location errors had better relationships with those parameters, especially for the GAP. The hypocenter location error (Herr) and the GAP had a linear correlation coefficient of R = 0.821. We determined a linear relationship between the Herr and GAP, as follows:
( 1) with a standard deviation of 1.02. The units of Herr and GAP are provided in km and degrees, respectively.
DIscUssION
Most of the relocated positions were moved southeastward. We suggest that the result may be due to a velocity model problem. Coastal plains and mountain ranges are distributed in the western portion, and on the central and eastern sides of Taiwan, respectively (Fig. 1) . Differences in rock properties between these two regions can be determined in terms of the seismic velocities as follows. The coastal plains and the mountain regions (Fig. 1) are relatively low and high, respectively (Kim et al. 2005; Wu et al. 2007 Wu et al. , 2009 Kuo-Chen et al. 2012 ). In such regions, the velocity model we used may not have enough low and high seismic-wave speeds in such regions. Therefore, most of the relocated positions were moved eastward. For the positions which were moved southward, the same situation may have resulted due to the differences in the Moho depths. In southern Taiwan, the Moho depth is relatively shallower than that in central-northern Taiwan (Kim et al. 2005; Wu et al. 2007; Kuo-Chen et al. 2012; Ustaszewski et al. 2012) indicating that the average velocity in southern Taiwan is higher than that in central-northern Taiwan. Therefore, most of the relocated positions may move southward as well.
In general, location errors should increase with the GAP, ERH, ERZ, and RMS. However, our results indicated that only the GAP had a good relationship but that other parameters were not so clear. Therefore, we removed estimated location errors using GAP in Eq. (1) and then checked the residuals versus the ERH, ERZ, and RMS again (Fig. 6) . The results indicated that positive linear correlation coefficients were found. Therefore, based on this result we can express the location error, as follows:
where A, B, C, and D are constants. ERHZ is ERH ERZ 2 2 + . Values of the location error in Table 4 were used for the regression. The location error relationship was determined as follows: Herr = 0.0323 GAP + 6.567 ERHZ + 2.895 RMS -2.667 (3) with a standard deviation of 0.814 km. Figure 7 provides the relationship of the hypocentral errors between actual and calculated explosion sites. Using this relationship, we could estimate the location errors. We further analyzed the hypocenter versus depth errors for the ten explosion sites (Fig. 8) and found that the depth error was approximately 0.8 times that of the hypocentral error. We could then determine that the horizontal error was approximately 0.6 times that of the hypocentral error. Statistical measurements of standard errors in longitude (ERX) and latitude (ERY), calculated based on the earthquake location program (Flinn 1965; Lee and Lahr 1975) , were used for estimating the errors in longitude and latitude. Using Eq. (3) 
Using these relationships, we could estimate location errors in the CWBSN catalog. Using estimations of hypocenter error, one standard deviation of the fitting was approximately 0.8 km. Therefore, when the Herr value was less than 0.8 km, we still assume that the Herr was 0.8 km.
A total of 384064 events from 1991 to 2011 in Taiwan were relocated using a 3-D seismic velocity model by combining P and S arrivals from CWBSN, BATS, and Japan Meteorological Agency (JMA) stations in the southern Ryukyu Island chain, as well as S-P times from the stations of the Taiwan Strong-Motion Instrumentation Program (Wu et al. 2008) . Location errors in depth, longitude, and latitude were calculated from the relationships mentioned above. Figures 9a -c provide the distribution of average location errors for longitude, latitude, and depth, respectively. Based on our results, the GAP is a major contributor for estimating location errors. Therefore, location errors for the earthquake locations on land were smaller than those offshore. However, the region near the southern Ryukyu Island chain displayed much smaller values due to the addition of JMA stations. Based on this relationship, the major error is distributed to depth. Therefore, errors in depth were larger than those for longitude and latitude. Due to the elongation of the island of Taiwan in latitude, with a larger span in seismic station distribution, errors in latitude were smaller than those for longitude. For the inland region, location errors in longitude, latitude, and depth were approximately 3.1 ± 2.7, 1.3 ± 1.6, and 4.6 ± 3.9 km, respectively. Errors were larger in the area outside of the island by approximately 4.3 ± 2.9, 1.4 ± 1.6, and 6.3 ± 4.1 km, respectively. The southwestern and northeastern offshore areas were two regions with larger location errors.
cONcLUsIONs
In this study we investigated the errors associated with earthquakes located in the region of Taiwan. By locating the explosions, we determined that the main uncertainty in location was associated with the depth direction, and that even the 3D velocity model was used. However, the relocated explosion sites that shifted southeastward may have been caused by the difference in velocity structures. Using explosion records, errors in the locations could be estimated in terms of the GAP, ERH, ERZ, and RMS. Moreover, in this study, the errors associated with earthquake locations were also estimated. Understanding the uncertainty associated with the earthquake location will benefit seismotectonics and seismic hazard mitigation studies. The relocated earthquake catalog that contains location errors for depth, longitude, and latitude is available by request (contact YihMin Wu, E-mail: drymwu@ntu.edu.tw). 
